Background: In vivo evaluation of cholinergic circuits of the human brain has recently been introduced using a transcranial magnetic stimulation (TMS) protocol based on coupling peripheral nerve stimulation with motor cortex TMS (short latency afferent inhibition, SAI). SAI is reduced in Alzheimer's disease (AD) and drugs enhancing cholinergic transmission increase SAI. Methods: We evaluated whether SAI testing, together with SAI test-retest, after a single dose of the acetylcholinesterase (AChE) inhibitor rivastigmine, might be useful in predicting the response after 1 year treatment with rivastigmine in 16 AD patients. Results: Fourteen AD patients had pathologically reduced SAI. SAI was increased after administration of a single oral dose of rivastigmine in AD patients with abnormal baseline SAI, but individual responses to rivastigmine varied widely, with SAI change ranging from an increase in inhibition of ,50% of test size to no change. Baseline SAI and the increase in SAI after a single dose of rivastigmine were correlated with response to long term treatment. A normal SAI in baseline conditions, or an abnormal SAI in baseline conditions that was not greatly increased by a single oral dose of rivastigmine, were invariably associated with poor response to long term treatment, while an abnormal SAI in baseline conditions in conjunction with a large increase in SAI after a single dose of rivastigmine was associated with good response to long term treatment in most of the patients. Conclusions: Evaluation of SAI may be useful for identifying AD patients likely to respond to treatment with AChE inhibitors.
T he hypothesis of significant cholinergic dysfunction in Alzheimer's disease (AD) has provided a rationale for pharmacological treatments based on drugs that may enhance cholinergic neurotransmission, such as acetylcholinesterase (AChE) inhibitors. Although the benefit of AChE inhibitors is rather limited, these drugs are at the front line of treatment for patients with AD. 1 A clinically significant response to AChE inhibitors is observed in only 30-60% of AD patients, depending on the compound. 2 To date, no laboratory test is available which can identify patients who are likely to respond to these drugs.
In vivo demonstrations of a cholinergic deficit in AD patients have been provided recently by our group 3 4 using a technique that may give direct information about the function of some cholinergic circuits in the human cerebral cortex. 5 This technique relies on the phenomenon of short latency afferent inhibition (SAI) of the motor cortex. 6 SAI is normal or even slightly enhanced in different neurological disorders such as Parkinson's disease. 7 8 In our previous studies we found that rivastigmine, a centrally acting drug that blocks AChE, may increase SAI in AD patients towards normal values. 3 4 Moreover, preliminary data on a small group of six AD patients suggest that the assessment of SAI before and after the administration of a single oral dose of rivastigmine might be a useful tool for predicting the clinical response after 1 year of treatment. 4 In AD patients there is also a tendency to have a less pronounced short latency cortico-cortical inhibition, a different form of inhibition produced by paired cortical magnetic stimulation. 3 4 Cortico-cortical inhibition is believed to involve GABAA activity. 9 10 The slight abnormality of cortico-cortical inhibition in AD patients is not modified by the administration of rivastigmine. 3 In the present study we evaluate for a larger group of AD patients whether SAI testing together with SAI test-retest, performed after a single oral dose of rivastigmine, might be useful in order to predict the response to long term treatment. The possibility of predicting the response to treatment would have a significant impact on the management of AD patients by improving the use of healthcare resources and preventing the exposure of potential nonresponder AD patients to the risk of AChE inhibitor related side effects.
METHODS

Patients
In this prospective study, we initially recruited 20 patients with a diagnosis of probable AD according to the NINCDS-ADRDA criteria. 11 The criteria for inclusion were (a) absence of other major medical illnesses and (b) symptom onset no longer than 5 years before the study. None of these patients was included in our previous study. 4 All the AD patients selected were able to understand and carry out the simple task required for this electrophysiological study, that is to remain fully relaxed. All the patients were right handed as assessed with the Edinburgh inventory. 12 None of the patients had been treated with drugs that may have modulated cerebral cortex excitability in the 30 days before participating in this electrophysiological study and none of the patients had been treated with cholinesterase Abbreviations: AChE, acetylcholinesterase; AD, Alzheimer's disease; FDI, first dorsal interosseous muscle; GDS, Global Deterioration Scale; ISI, interstimulus interval; MEP, motor evoked potential; RAVLT, Rey's Auditory Verbal Learning Test; SAI, short latency afferent inhibition; TMS, transcranial magnetic stimulation inhibitors before participating in the study, which was performed according to the Declaration of Helsinki and approved by the ethics committee of the Medical Faculty of the Catholic University in Rome. Patients and their caregivers gave their informed consent before participation.
The main clinical and demographic characteristics of the AD patients are set out in table 1. Electrophysiological findings obtained in patients were compared with those obtained in 12 neurologically healthy age matched control subjects. The mean (SD) age of the patients was 70.5 (6.9) years, while that of controls was 73.1 (5.4) years.
SAI by somatosensory input from the hand Magnetic stimulation was performed using two high power Magstim 200 magnetic stimulators (Magstim, Whitland, Dyfed, UK) connected to the BiStim module (Magstim) throughout all measurements. A figure-of-eight coil with external loop diameters of 9 cm, was held over the right motor cortex at the optimum scalp position to elicit motor responses in the contralateral first dorsal interosseous muscle (FDI). The induced current flowed in a postero-anterior direction. The optimal position was marked on the scalp to ensure identical placement of the coil throughout the experiment. Motor evoked potentials (MEPs) were recorded through two 9 mm diameter Ag-AgCl electrodes with the active electrode over the motor point of the muscle and the reference on the metacarpophalangeal joint of the index finger. MEPs were amplified and filtered (bandwidth 3 Hz-3 kHz) by D360 amplifiers (Digitimer, Welwyn Garden City, Herts, UK). Data were collected on a computer with a sampling rate of 10 kHz per channel and stored for later analysis using a CED 1401 A-D converter (Cambridge Electronic Design, Cambridge, UK).
SAI was studied using the technique we have recently described. 6 Conditioning peripheral stimuli were single pulses (200 ms) of electrical stimulation applied through bipolar electrodes to the median nerve at the wrist (cathode proximal). The intensity of the conditioning peripheral stimulus was set at just over the motor threshold for evoking a visible twitch of the thenar muscles. The intensity of the test cortical magnetic shock was adjusted to evoke an MEP in a relaxed FDI with an amplitude of approximately 1 mV peak-to-peak.
The conditioning stimulus to the peripheral nerve preceded the magnetic test stimulus. The afferent inhibition induced by the peripheral conditioning stimulus was tested using the following pulse configuration: magnetic stimulus alone, and peripheral conditioning stimulus preceding the cortical magnetic stimulus at different interstimulus intervals (ISIs). ISIs were determined relative to the latency of the N20 component of the somatosensory evoked potential obtained after stimulation of the left median nerve. The active electrode for recording the N20 potential was attached 3 cm behind C4 (10-20 system) and the reference was 3 cm behind C3. A total of 500 responses were averaged to identify the latency of the N20 peak. ISIs from the latency of the N20 plus 2 ms to the latency of the N20 plus 8 ms were investigated in steps of 1 ms. Each recording consisted of 40 trials. Magnetic stimulation of the motor cortex was performed on every trial; in 35 of the trials selected at random cortical magnetic stimulation was preceded at one of the seven investigated ISIs by a conditioning stimulus to the median nerve at the wrist. We calculated an average (based on five trials each) of the MEP obtained after cortical magnetic stimulation alone and of the MEP obtained by conditioning cortical magnetic stimulus with a peripheral stimulus to the median nerve at the wrist at the seven different ISIs studied. The subject was given audio-visual feedback at high gain to assist in maintaining complete relaxation. The amplitude of the conditioned MEP was expressed as a percentage of the amplitude of the test MEP. We averaged the percentage of inhibition of the conditioned responses at the seven different ISIs to obtain a grand mean of SAI. This was done because we have previously demonstrated that the abnormality of SAI in AD is evident at all these ISIs, but the grand mean has the advantage of reducing variability. 3 The test with seven ISIs can be completed in a few minutes.
Test-retest variability of SAI
To evaluate the test-retest variability of SAI, in five control subjects (mean (SD) age: 29.6 (5.4) years) we performed a baseline SAI study and repeated it at an interval of 3 h.
Effects of AChE inhibition on SAI
At the time of patient enrolment we repeated the measurement of SAI after the administration of a single dose (3 mg) of rivastigmine, an AChE inhibitor commonly used for treatment of AD, in all patients with abnormal SAI. SAI was measured before and 2.4 h after the administration, when AChE inhibition in the CSF is maximal. 13 All patients were started on chronic treatment with rivastigmine (6-9 mg/die) immediately after the electrophysiological tests.
Neuropsychological examination
All patients enrolled in the study underwent the MMSE (Mini Mental State Examination) and an extensive neuropsychological test battery, including tests of episodic verbal memory (Rey's Auditory Verbal Learning Test, RAVLT), 14 immediate visual memory, constructional praxis, verbal fluency, abstract reasoning (Raven's Progressive Matrices '47), 15 and a test of executive function sensitive to frontal lobe damage (temporal rule induction). 16 In RAVLT we evaluated the immediate recall score, the delayed recall score and two scores of forced delayed recognition: (a) the number of correctly recognised target words (hits); and (b) the number of incorrectly recognised distractor words (false alarms).
After 1 year of treatment, the same neuropsychological assessment was repeated in all patients.
Follow up
The outcome of the treatment was assessed using the Global Deterioration Scale (GDS) 17 and the values at the beginning of the treatment were compared with the values obtained after 1 year of treatment. A stable or a decreased score was considered the marker of a response to the treatment. We also evaluated the neuropsychological response to the treatment as the number of tests on which score was improved or unchanged after 1 year of treatment.
Statistical analysis
We used Mann-Whitney tests to compare SAI in AD patients and the control group, and Wilcoxon's matched pair test to compare SAI in AD patients before and after administration of a single oral dose of rivastigmine. A value of SAI within 2 SD from the mean of controls was considered normal. An increase in SAI after rivastigmine above 2 SD from the mean change observed in controls in the test-retest variability study, was considered beyond the intrinsic variability of this test. We used the permutation test (which makes no assumptions about the statistical distribution of variables 18 ) to compare the clinical response (change in GDS score) to the treatment in patients with normal and abnormal baseline SAI.
In patients with abnormal baseline SAI who underwent SAI test-retest after a single oral dose of rivastigmine, we used Kendall's rank test to evaluate correlations between neuropsychological response to treatment and each of the following variables: change in SAI after a single dose of rivastigmine, MMSE at enrolment, age of subject, age at AD diagnosis, and time since AD diagnosis. The same test was used to evaluate the correlation between the clinical and neuropsychological response measures, and the correlation between change in score in each of 10 neuropsychological tests and variation in SAI after a single dose of rivastigmine, in patients with abnormal baseline SAI. In the latter case, to correct for multiple tests we adopted a significance level of p,0.0051. All other tests employ a significance level of p,0.05. All tests are two tailed.
RESULTS
MEPs in control subjects were inhibited when the median nerve stimulus was given before the cortical stimulus at an interval corresponding to the N20 latency plus 2 ms to N20 latency plus 8 ms (fig 1) . The mean amount of inhibition over this period was larger in controls (responses (SD) reduced to 45.3% (16.2%) of test size) than in AD patients (86.2 (21.3%); p,0.001, two tailed Mann-Whitney test) (fig 1) . Examination of individual data (table 2) shows that 14 patients had results outside the normal range (that is, above 77.7%), while six patients fell within the normal range.
Test-retest variability of SAI in normal subjects
To evaluate the test-retest variability of SAI, in five control subjects we performed a baseline SAI study and repeated it, without rivastigmine administration, at an interval of 3 h. The mean (SD) amplitude of the conditioned response was 42.4% (16.7%) of test size at the baseline study and 42.1% (18.8%) at an interval of 3 h (p.0.05, two tailed Wilcoxon matched pairs test). The change in the amplitude of the conditioned response ranged from 1.7% to 5.8% of test size with a mean (SD) change in the amplitude of the conditioned response of 4.6% (1.6%) of test size.
Therefore, a change greater than 8% of test size (mean plus 2 SD in control subjects) in the amplitude of the conditioned response after rivastigmine in AD patient was considered beyond the intrinsic variability of this test.
Effects of AChE inhibition in AD patients
SAI was increased after the administration of a single oral dose of rivastigmine in AD patients with abnormal baseline SAI. The mean (SD) amplitude of the conditioned response was 95.5% (17.2%) of control size before rivastigmine and 74.9% (14.6%) after rivastigmine (p,0.001, two tailed Wilcoxon matched pairs test). Individual responses to rivastigmine varied widely, with change in SAI ranging from an increase in inhibition of about 50% of test size to no change (table 2). Twelve of the 14 patients with abnormal SAI had an increase in size of >8% of test size.
Follow up
After a few weeks, four of the patients initially recruited (nos. 4, 5, 6, and 13 in table 2) stopped taking rivastigmine due to adverse side effects. Thus the fully evaluable population consisted of 16 patients (three patients with normal SAI and 13 patients with abnormal SAI). Only the data of these patients were further analysed.
A positive clinical response, defined as decreased or unchanged score on the GDS, was observed in eight patients (50%). All these patients had an abnormal SAI and all of them had an increase in SAI after a single dose of rivastigmine of >8% of test size. The remaining eight patients showed progression of disease. Three of these patients had a normal baseline SAI, two had an abnormal SAI but presented a small change in SAI after rivastigmine, and three patients had an abnormal SAI and an increase in SAI after a single dose of rivastigmine of >8% of test size. Overall, the clinical response was significantly better in patients with abnormal baseline SAI (p,0.05, two tailed permutation test).
After 1 year of treatment with rivastigmine, the 13 AD patients with abnormal SAI at enrolment improved or remained stable on an average of 6.1 neuropsychological tests out of 10. The three AD patients with normal SAI, in contrast, improved or remained stable on an average of only 2.3 tests.
Considering all patients, neuropsychological and clinical measures of treatment outcome were significantly correlated (Kendall's t = 20.48, p = 0.01, two tailed test; considering only patients with abnormal baseline SAI: Kendall's t = 20.77, p,0.0005, two tailed test).
Change in SAI was positively correlated with an improvement in all 10 neuropsychological tests performed (all Kendall's rank correlations positive: p,10 28 , two tailed binomial test), although only three correlations were statistically significant after correcting for multiple tests (immediate and delayed recall of RAVLT and phonological verbal fluency; table 3). Among patients with abnormal baseline SAI, change in SAI after a single oral dose of rivastigmine was strongly correlated with the number of neuropsychological tests on which score was improved or unchanged after 1 year of treatment (fig 2; Kendall's t = 0.92, p,0.001, two tailed test). The following variables did not significantly correlate with the clinical measure of treatment outcome: subject age, subject age at AD diagnosis, time since AD diagnosis, MMSE at enrolment (p between 0.06 and 0.85, two tailed Kendall's rank tests).
DISCUSSION
In our previous studies we have found that SAI is reduced in AD patients and that it can be, at least in part, restored by administration of AChE inhibitors. 3 4 Here we ask whether the evaluation of SAI and the evaluation of the acute effects of a single oral dose of rivastigmine might be useful to predict the response to long term treatment with this drug in AD patients.
Most of our patients (,70%) had an abnormal baseline SAI. SAI is a test sensitive to the excitability of some cholinergic circuits in the human motor cortex and its abnormality is probably correlated with the most consistently demonstrated deficit in AD that involves reduced cholinergic activity. 3 4 Therefore, the number of patients with abnormal SAI conceivably reflects the percentage of patients with a significant cholinergic dysfunction among the patients with a clinical diagnosis of AD. However, it is still unknown whether different neurotransmitters such as glutamate, GABA, or dopamine are also involved in the regulation of SAI.
In the patients with abnormal SAI, afferent inhibition could be increased within hours of the administration of rivastigmine. However, the change in SAI after the administration of rivastigmine varied widely between individual patients. We considered the change in SAI in AD patients to be beyond the intrinsic variability when it was greater than 2 SD above the mean change observed in control subjects. In our previous study, we also tested the effect of a single oral dose of rivastigmine in control subjects. 4 We observed only a very slight increase in SAI after rivastigmine, probably due to a ''floor'' effect, because the baseline levels of inhibition are strong in healthy subjects. 4 However, it should be noted that the test-retest reliability of SAI and the effects of rivastigmine were evaluated in control subjects younger than the patients and we cannot exclude the possibility that control subjects age matched with patients may behave differently, even if this seems unlikely because the amount of inhibition produced by afferent stimulation is not influenced by age as demonstrated by the comparable levels of SAI in old and young healthy subjects.
Interestingly, the baseline SAI and the increase in SAI after a single dose of rivastigmine were correlated with the response to long term treatment, as evaluated with the GDS and with an extensive neuropsychological test battery.
Our data suggest that a normal SAI in baseline conditions, or an abnormal SAI in baseline conditions that is not greatly increased by a single oral dose of rivastigmine, is invariably associated with a poor response to long term treatment, while an abnormal SAI in baseline conditions in conjunction with a large increase in SAI after a single dose of rivastigmine is associated with a favourable response to long term treatment in most of the patients.
The amount of change in SAI after a single dose of rivastigmine was also strongly correlated with changes in cognitive measure assessed by the neuropsychological tests after 1 year of treatment. Changes revealed by two tests of long term verbal memory (immediate and delayed recall of RAVLT) correlated with acute changes in SAI produced by rivastigmine. Because these tests are related to long term verbal memory, this correlation is consistent with the hypothesis that the cholinergic systems play a critical role in memory processes and learning. 19 Indeed, over the last decades, the hypothesis that the cholinergic system is the major neurotransmitter system involved in memory and learning has gained general acceptance. 20 21 We also found a correlation between the acute change in SAI produced by rivastigmine, and the change in phonological verbal fluency after 1 year of treatment. This finding is consistent with the results of a previous study that showed that cholinergic blockade in healthy subjects determines an impairment of verbal fluency. 22 In agreement with previous studies, none of the clinical and demographic parameters taken into consideration in this study was indicative of the long term response to treatment.
Our results suggest that the study of SAI and the evaluation of the effects of rivastigmine on SAI could be useful in the management of AD patients because it is currently impossible to predict an individual therapeutic response in AD patients. Several studies suggest that the evaluation of changes produced by a single dose of tacrine 23 or by rivastigmine treatment for 1 week 24 on quantitative EEG could also be useful in predicting the therapeutic efficacy of these drugs. Alhainen and Riekkinen 23 have shown that a single dose of tacrine produces a more pronounced increase in the absolute alpha power and in the alpha-theta ratio in the subgroup of responders than in the subgroup of non-responders, while Adler et al 24 have demonstrated that the subgroup of patients classified as responders had a greater decrease in theta power after 1 week of treatment than the subgroup of non-responders. However, further studies are needed to establish whether the use of the generally available EEG techniques may allow reliable prediction of the likely therapeutic efficacy of rivastigmine in the individual patient. 24 In conclusion, this neurophysiological study suggests that the evaluation of the non-invasive test SAI in baseline conditions and after a single dose of AChE inhibitors may help in diagnosing a dysfunction of central cholinergic circuits in demented patients and may be useful in identifying those patients who are more likely to respond to long term treatment with AChE inhibitors. However, the study of a larger number of patients is needed before SAI testing can be applied in clinical practice. 
